Characterization of normal breast tissue heterogeneity using time-resolved nearinfrared spectroscopy.
Introduction
The development of optical methods for detection and diagnosis of breast cancer has been pursued with increasing efforts during recent years. Optical methods for non-invasive tumour detection are based on near-infrared (NIR) light, typically within 600-1000 nm, which has the ability to propagate through tissue and yield a detectable reflected or transmitted signal. The NIR signal provides information on absorption and scattering properties of tissue, as well as spatial distribution of structures in the breast. The absorption coefficient µ a and the reduced scattering coefficient µ s can be determined. This can be done locally, by using a probe based on a number of optical fibres to deliver and collect the light (Cubeddu et al 1999 , Cerussi et al 2002 , van Veen et al 2004a , or by imaging techniques such as diffuse optical tomography (Gratton et al 1993 , Colak et al 1999 , Hebden et al 2002 , Li et al 2003 , Yates et al 2005 or by scanning the source and detector fibres across the compressed breast to record a shadowgram type image analogous to x-ray mammography (Franceschini et al 1997 , Grosenick et al 2003 . A key concept in these optical methods is the spectral information that can be derived if several wavelengths are used. Absorption properties can be used to quantify concentrations of chromophores in the tissue, of which the four principal ones are non-oxygen-saturated haemoglobin, oxygen-saturated haemoglobin, water and lipids (Sevick et al 1991 , Matcher et al 1995 , Cubbedu et al 1999 . The spectral shape of the reduced scattering coefficient can provide valuable information about size and distribution of tissue scatterers, which in turn can be used to extrapolate structure and cellular composition of the tissue (Beauvoit et al 1994 , Mourant et al 1997 , Nilsson et al 1998 , Srinivasan et al 2003 .
Several investigations have been carried out to determine the relations between optical and physiological properties of normal breast tissue. Studies utilizing optical techniques have shown that breast tissue characteristics correlate with factors such as age (Cubeddu et al 1999 , Srinivasan et al 2003 , hormonal cycle (Cubeddu et al 2000) , menopause status , Cerussi et al 2002 and body mass index , Cerussi et al 2002 , Durduran et al 2002 . A number of investigators have also shown differences in the NIR signal for cancerous lesions as compared to normal tissue or benign lesions (Andersson-Engels 1992 , Fantini et al 1998 , Tromberg et al 2000 , Grosenick et al 2003 . These papers present a variability in optical properties for different lesions. Other studies have investigated the variability in optical properties of normal breast tissue (Shah et al 2004 , van Veen et al 2004a , Pogue et al 2004 . Of these, only Shah et al (2004) emphasize intrasubject variations. The overall variability implies an overlap between optical properties of lesions and normal tissue, which most likely precludes detection formulae based on direct analysis of absolute values of measured optical properties. Most certainly, detection methods will therefore be based on relative observations such as ratios, comparisons between different parts of the breast, comparisons between left and right breasts, or image contrast and context analysis in the case of imaging modalities. For this development, it is of fundamental importance to possess knowledge of the intrinsic variations of optical properties within a breast and between left and right breasts.
In this paper, we present an extensive investigation of intra-and intersubject heterogeneity in optical and physiological properties of normal breast tissue. A total number of 36 volunteers were included in the study. Optical properties were measured using four-wavelength time-resolved spectroscopy (Swartling et al 2003 , Pifferi et al 2005 following a protocol comprising five measurement areas on each breast. Small-scale variations (millimetre displacements) were investigated thoroughly. A similar protocol was used by Shah et al (2004) , in an investigation based on frequency-domain measurements at a fixed fibre separation. In our study, most measurements were conducted using two different source and detector fibre separations, which means that different probing depths were used. This enables us to investigate spatial variation both laterally and axially.
Materials and methods

Instrumentation
All data were acquired using a compact and portable time-domain photon migration instrument primarily intended for spectroscopy of biological tissue in a clinical environment (Swartling et al 2003 , Pifferi et al 2005 (G 200/280 N, ART Photonics, Germany) . A 4-1 coupler is used to couple all lasers into a 600 µm GRIN fibre (G 600/840 N, ART Photonics), which serves as the light source. A second 600 µm GRIN fibre collects light and delivers it to the detector. The length of these fibres were 1.95 m each. Since this work is based on diffuse reflectance measurements, these fibres were held by a probe that fixes them at a certain fibre separation (15 or 20 mm). The probe is made of a small metal block through which two metal tubes run (tubes may be moved to achieve proper separation). The metal tubes extend from the block, and optical fibres are inserted in these so that fibre endings are almost edge to edge with tube endings. The probe is held so that tube and fibre endings are in contact with the tissue. All parts are painted in mat black. Proper photon levels are achieved by sending collected light through an adjustable gradient ND filter. Remaining photons are sent into a cooled MCP-PMT (R3809-59, Hamamatsu Photonics, Japan). A TCSPC computer card (SPC-300, Becker & Hickl, Germany) is used to obtain time-dispersion curves. Lasers are typically operated at 1-2 mW generating pulses about 70 ps wide (FWHM). However, broadening in fibres and detector causes the instrument response function (IRF) to be about 100 ps wide. A schematic is given in figure 1.
Clinical procedure
Clinical data were collected at the Lund University Hospital adhering to a protocol approved by the local committee of ethics. Measurements were conducted during May and June 2003 on in total 36 volunteers (29 pre-menopausal and 7 post-menopausal). Relevant medical information was collected in connection with the measurements. None of the volunteers had been diagnosed with malignant disease. All measurements were carried out while subjects were in a comfortable sitting posture. The probe was held by subjects themselves after careful instruction. Each breast was examined at five different areas: at the centre part of the four quadrants and just above the areolar area (denoted left/right (L/R) upper outer (UO), upper inner (UI), lower inner (LI), lower outer (LO) and upper areolar (UA)). Locations of measurement areas are illustrated in figure 2. Six out of the thirty-six volunteers were examined using only the 20 mm fibre separation, and following a more comprehensive protocol P1 where (i) five spatially separated measurements are performed within each area (small millimetre-scale probe displacements) and (ii) five spatially identical measurements (fixed probe geometry) are performed at the upper outer areas (RUO and LUO) to ensure/monitor stability. The remaining 30 volunteers were examined using two different fibre separations (15 and 20 mm) and a different protocol P2. In these cases each area was only measured once, except for the upper outer areas which were measured three times (spatially separated in the case of ROU and spatially identical in the case of LOU). Typically, a single measurement was completed within 20-30 s.
Modelling
Experimental data are modelled using the diffusion approximation of transport theory. The particular model used in this work is derived for the case of homogenous media in a semi-infinite geometry and employs a so-called extrapolated boundary condition (Haskell et al 1994 , Hielscher et al 1995 . The refractive index of tissue is assumed to be 1.4. Tissue optical properties are extracted by fitting solutions of the diffusion equation to experimental data. An example on how data may appear is given in figure 3 . To avoid problems related to early photons, such as poor validity of the diffusion equation and stray light, fitting is limited to datapoints where the photon count exceeds 30% of the peak count on the rising flank (see figure 3 ). The trailing flank is cut where the photon count drops below 1% of the peak count. Discussions on appropriate fit regions are found in Hielscher et al (1995) and Cubeddu et al (1996) . The best fit is reached iteratively using a Levenberg-Marquardt algorithm, where µ s , µ a and an overall amplitude (scale) factor are varied in order to minimize the χ 2 error norm. The temporal delay between IRF and experimental data is known and is thus not a free parameter. Each iteration involves a convolution between the theoretical time-dispersion curve and the IRF. The IRF is carefully measured before and after every set of measurements to ensure stability and, as mentioned above, since it is needed in data evaluation. Tissue constituents are determined using the four extracted absorption coefficients. The use of four wavelengths enables calculations of concentration for the four main chromophores in breast tissue: water, lipids, deoxy-haemoglobin (Hb) and oxy-haemoglobin (HbO 2 ). The assumption is that the observed absorption match a linear superposition of the four main component spectra, and that no other tissue constituents contribute to the absorption in this wavelength region. The haemoglobin spectra are taken from Prahl (2004) , the water spectrum from Hale and Querry (1973) and the lipid spectrum from van Veen et al (2004b) . An example of an interpreted breast spectrum composed of the four tissue chromophores in typical concentrations is shown in figure 4 . Mathematically, concentrations are calculated by solving a set of linear equations
where µ a is a vector of extracted absorption coefficients at the four wavelengths, A a matrix of absorption coefficients for the four chromophores at the four wavelengths measured and c a vector of concentrations. 
This study 36 8.0 ± 2.0 0.041 ± 0.021 17 ± 10 77 ± 8 Spinelli et al (2004) >50 11.3 ± 2.1 0.037 ± 0.013 16 ± 5 6 6± 9 Grosenick et al (2003) 28 10.2 ± 1.6 0.039 ± 0.009 17 ± 8 7 4± 3 Durduran et al (2002) 52 8.5 ± 2.1 0.041 ± 0.025 34 ± 9 6 8± 8
Variational measures
Intrasubject variations are characterized using coefficients of variation (CV). The CV of a certain series {x i } is defined as the standard deviation divided by the mean: CV x = σ x /x. It is a unitless quantity stated in per cent. The CV of a fixed geometry series states the variations induced mainly by instrumentation and measurement parameters, such as e.g. probe-skin pressure, as well as noise in the signal. The CV of a displacement series is a measure of the local intrasubject variation within different measurement areas. Overall intrasubject variation is, in this work, defined as the CV of the ten average values obtained for the ten different positions.
Results
An example of how extracted data may appear is given in figure 5 . Here, a selection of data from one volunteer examined according to protocol P1 is presented. Average properties, based on all volunteers, are presented and compared to values from literature in table 1.
A statistical analysis of intrasubject variations for fixed geometries (F), small-scale displacements (D) and overall (O) is shown in figure 6 . Variations in fixed geometry series are typically very small compared to variations in series where the probe is displaced, as long as the probe is held properly (no change in pressure or orientation). However, if probe-skin pressure or probe orientation is varied (still using a fixed position) variations occasionally are in the same order. Derived optical and physiological properties indicate that the overall intrasubject variation is typically a factor of 2 greater than variations within displacement series (a factor of 4 in the case of S t O 2 ). Overall intrasubject variations in µ s were (14.0 ± 6.5)%, (13.2 ± 5.6)%, (15.1 ± 5.5)% and (15.3 ± 6.0)%, for 660, 786, 916 and 974 nm respectively. µ a varied even more, and corresponding figures were (23.1 ± 8.3)%, (19.8 ± 5.3)%, (11.8 ± 3.6)% and (20.4 ± 8.3)% (the largest variation was 48.7% and was registered at 974 nm, but CVs above 40% were very rare). S t O 2 displays the smallest overall intrasubject variation, being (6.6 ± 2.9)% (in all cases below 14.2%). In order to better understand these variations, the data were analysed to provide intersubject variation with respect to positional averages. Figure 7 shows the result for haemoglobin, oxygenation and water. In these graphs, pre-menopausal and post-menopausal volunteers are considered as two separate groups. Concentrations of haemoglobin and water were both approximately 1.5 times greater, on average, for pre-menopausal volunteers. On the other hand, lipid concentration was approximately 1.4 times greater for post-menopausal volunteers. Nonetheless, variations within the two groups cause overlap. No significant differences were noted neither for oxygenation levels or scattering levels (not shown). By changing the separation between probe fibres, the influence of probing depth was examined. Correlations between data obtained for the two fibre separations are stated using the correlation coefficient r. Fairly strong correlations between the two ways of measuring were observed for all optical and physiological properties. Lowest correlation was found in scattering (on average r = 0.51). Correlations (r) were on average 0.78 for absorption, 0.67 for lipids and 0.86 for water. No significant differences were observed in the cases of lipids, water or scattering. However, as indicated in figure 8, extracted levels of oxygenation and haemoglobin tended to be systematically higher when using the larger fibre separation (20 mm).
Intrasubject variations between left and right breasts were examined by comparing corresponding measurements. The result does not indicate any significant systematic differences. Left-right asymmetry in a certain parameter p is measured using relative deviation rel
where p left and p right are (mean) values derived at a certain measurement area. rel is a unitless quantity that states the deviation in % of the mean of the left and right parameter values. Results are presented in table 2.
Discussion
The main purpose of this study is to measure variations in tissue composition of normal breasts and discuss how such variations may influence the possibility of discriminating a possible tumour using optical methods. Nevertheless, it is important to note that fundamental optical and physiological properties derived in this study are in good agreement with previously published data (see table 1 ). Deviations may be assigned to differences in measurement geometry. The statistical analysis of spatial variations within breast tissue, as measured in this study, is illustrated in figure 6 . On average, variations once the probe was held fixed in the same position are small for all properties evaluated. Variations in these measurements are not believed to reflect any changes within the tissue structure, but rather variations in how the probe was applied to the tissue, mainly due to pressure variations, as well as uncertainties in the evaluation of the signals due to noise. As soon as the probe was displaced a few millimetres to include small-scale tissue variability, variations increased for all parameters. Interestingly, water, lipid and haemoglobin concentrations varied considerably more (a factor 5) than the oxygenation (as also reported by Shah et al (2004) ). Variations in evaluated constituent concentrations are believed to be due to the heterogeneous structure of breast tissue even at this small scale (millimetres). The oxygenation of haemoglobin present in the probe volume is, however, less likely to alter for these small displacements. Oxygenation is high everywhere in normal breasts. Variations in all evaluated properties seen over the entire breast are approximately twice those registered for small-scale displacements of the probe. The increased variability for these measurements can, at least partly, be explained by more systematic alterations in tissue structure and composition at different parts of the breast. Such variations are presented in figure 7 . In general, strong overlaps exist between values for different locations. However, while total haemoglobin concentration is relatively even throughout the breast, oxygenation seems to be slightly higher in the upper inner area of the breast and lower in the upper areolar area. Shah et al (2004) report significantly lower oxygenation in areolar regions, but no significant variations among other regions. Worth noting is also that intrasubject variations in µ a is a factor 2 smaller at 916 nm than at the other three wavelengths. This is related to the fact that lipids and water exhibit comparable absorption strengths in this region, and that these two constituents, to a large extent, replace each other , Swartling et al 2005 .
The data also show differences in total haemoglobin and water concentrations for pre-and post-menopausal women. Such changes are in accordance with known structural alterations of breast tissue after menopause (Shah et al 2004) . However, one should also have in mind that there is a difference in age between the two groups. The mean ages for the two groups in this study are 37 and 52 years, respectively. In the material, it is also evident that the composition of the breast may be quite different in different persons. Intersubject variations are thus much higher than intrasubject variations (see figure 7) .
Heterogeneity of breast tissue has previously been addressed by Shah et al (2004) . Their investigation presents small-scale variations in the same order as our report. Overall heterogeneity is similar in the case of water, lipids, THC and oxygenation. However, Shah et al (2004) report on an overall heterogeneity less than 12% for µ s while we observe corresponding values up to approximately 20%. The generally good agreement in results was obtained despite differences in measurement technique (time-domain versus frequency-domain), measurement geometry (probe design, sitting versus supine position) and possibly also in exact measurement positions.
By using two different distances between the source and detector fibres we probe different depths of the tissue (Patterson et al 1995) . For time-resolved data the probing depth is also a function of the time the light has spent in the tissue. The evaluation of µ s in the fitting process is sensitive to the early portion of the light, while µ a is mostly determined by the late light (Andersson-Engels et al 1992 , Cubeddu et al 1996 . This means that the extracted values of µ s and µ a do not represent the exact same volume, even for the same fibre separation. Scattering values represent a shallow volume confined to the region between the two fibres, while the absorption values are derived from a larger volume deeper in the tissue. When performing measurements, for practical reasons, the probe had to be lifted between the measurements at 15 mm and 20 mm fibre separation. Repositioning of the probe could not be done with better accuracy than a few millimetres, which means that we can expect a random variation in the results of at least the same order of magnitude as that given by small displacements of the probe, as shown in figure 6 . This is seen in the scatter plots in figure 8 . The difference in effective probing volume for determination of µ a and µ s may explain the lower degree of correlation for µ s (r = 0.51) compared to µ a (r = 0.78). Moreover, we noted an average increase in both THC and S t O 2 when increasing the fibre separation from 15 mm to 20 mm, as seen in figure 8 . This may be interpreted as a higher haemoglobin concentration and oxygen saturation at larger depth, and is in agreement with the known structure of tissue: at short fibre separations, the probing volume is more affected by the skin layer, which has lower blood perfusion. Similar findings were reported by Pifferi et al (2004) , where the fibre separation was increased from 20 to 40 mm.
All data presented in this study are based on rather superficial measurements on breasts, including skin, subcutaneous fat and breast tissue. This will often be the case in diagnostic procedures based on non-invasive optical spectroscopy. Due to the aim to measure local properties in the same spatial scale as would be of interest for tumour diagnostics, without relying on a tomographic algorithm, the interfibre distance is short. This results in a relatively large fraction of the probed tissue being occupied by subcutaneous fat, especially for women with high body mass index (BMI). Unfortunately, the material is not sufficiently large to make a correlation with BMI. However, Pifferi et al (2004) report that the kind of diffuse reflectance measurements employed in this paper provide representative values even for interior breast tissue. Whether this also hold for interior heterogeneity is unclear and is currently examined both in Lund and elsewhere.
In this work, breast spectra are sampled at four wavelengths. Since equally many (four) chromophores need to be taken into account, it is very important that all of the four derived absorption coefficients are accurate. According to basic perturbation theory, errors in c (denoted δc) are related to errors in µ a (denoted δµ a ) as shown in (3).
Thus, influence of errors in extracted absorption coefficients may be examined by taking a closer look at the matrix A −1 . Relative errors naturally depend on the tissue constitution of the particular breast (i.e. c true and µ true a ). By proper normalization of A −1 it is possible to determine a relative error propagation matrix, E, that states component-wise relative error propagation (valid for a particular tissue composition). The normalization procedure is defined in 4, where diag(· · ·) are diagonal 4 × 4 matrices. 
Here, each column corresponds to a certain wavelength (660, 786, 916 and 974 nm, from left to right) and each row to a certain chromophore (Hb, HbO 2 , lipids and water, from top to bottom). As an example, a + 1% error in µ a at 786 nm will add a +2.27% error on HbO 2 concentration (when measuring on a tissue consisting of 50% lipids, 30% water, 5 µM Hb and 15 µM HbO 2 ). E gives an idea of the robustness of four-wavelength spectroscopy when applied to characterization of breast tissue. The diagonal dominance implies that each chromophore has its own main wavelength (this is also seen in figure 4) . The relatively large numbers in the third row show that the derivation of lipid concentrations suffer the greatest sensitivity to errors. This is due to that lipid absorption normally does not dominate over other chromophores at any wavelength (this is exemplified in the breast spectra presented in figure 4 ). This is a possible explanation to why lipid levels, in comparison with other chromophore levels, exhibit larger variations within fixed series (see figure 6 ).
Conclusion
In summary, we have investigated the influence of normal spatial heterogeneities of breast tissue on optical and related physiological properties measured with a four-wavelength, time-resolved diffuse spectroscopy instrument. Variations in evaluated properties over all measurement areas were about twice as large as small-scale variations (mm displacements). Intrasubject variation was in almost all cases below 40% for µ a and below 20% for µ s . In terms of the evaluated quantities of water, lipids and haemoglobin, the variation in these were all in the order of 20%, while the oxygen saturation exhibited a lower variation (6%). These numbers define a background variation that any modality for optical detection of breast cancer has to take into account. Furthermore, we did not see any evidence of systematic differences between contralateral breasts, although individual left-right asymmetry is often seen. The intersubject variation is larger than the intrasubject variation and is loosely correlated with menopause status, which confirms previous studies. Finally, measurements performed at different fibre separations, thus probing different depths, indicated an on average higher haemoglobin concentration at the larger fibre separation. Random variations were in this case comparable to those seen for small-scale displacements.
